The skin of the amphibious blenny, Istiblennius edentulus, was studied using both light and scanning electron microscopy. Rich vascularisation was found immediately below the epidermis and the dermis. Surface epithelial cells displayed microridges in a fingerprint-like pattern. It was speculated that this increased surface area may aid in the adhesion of mucous secretions as well as to increase the surface area for gas exchange. The number of pores on the dorsal side (6.3x10 3 per mm 2 ) was significantly higher than that on the ventral side (4.3x10 3 per mm 2 ). The thickness of the skin on the dorsal side was measured at 31.6±10.0µm and that on the ventral side was 32.9 ± 7.8µm.
ABSTRACT:
The skin of the amphibious blenny, Istiblennius edentulus, was studied using both light and scanning electron microscopy. Rich vascularisation was found immediately below the epidermis and the dermis. Surface epithelial cells displayed microridges in a fingerprint-like pattern. It was speculated that this increased surface area may aid in the adhesion of mucous secretions as well as to increase the surface area for gas exchange. The number of pores on the dorsal side (6.3x10 3 per mm 2 ) was significantly higher than that on the ventral side (4.3x10 3 per mm
Introduction
eleost fish, the most diverse group within the vertebrates, exploit a wide range of habitats. Some families such as the Blennidae (blennies), Pholidae (gunnels), Stichaeidae (prickle-backs), Gobiidae (gobies), T Gobiesolidae (clingfishes) and Cottidae (sculpins) have colonized the intertidal zone (Gibson, 1986) . These groups utilize the intertidal zone either as a primary habitat or as a feeding ground when it is submerged (Moyle and Cech, 1988) . In this environment they are exposed to daily variations in temperature, oxygen (pO 2 ), carbon dioxide (pCO 2 ), pH and salinity (Bridges, 1988) . They have therefore evolved a range of structural and physiological adaptations. These include small body size resistance to wave action scales firmly attached or totally absent, the development of mucus and the use of specialized pectoral fins for substrate attachment (Gibson, 1986) .
Because gills collapse under their own weight in air, and so are not well suited to aerial respiration (Withers, 1992) , structural adaptations have evolved to facilitate aerial respiration. These include modifications of the gills, the use of the skin as a gas exchange surface, special respiratory structures in the mouth and gut and, also, true lungs (Moyle and Cech, 1988) . Some forms exploit the relatively high levels of oxygen in air to compensate for low levels in water.
Several histological studies have been conducted on the skin of various species of air-breathing fish (Mittal and Munshi, 1971; Brown et al. 1992; Al-Khadomiy and Hughes, 1988; Yokoya and Tamura, 1992; Suzuki, 1992 ; Zhang et al 2000 and Ba-Omar and Al-Riyami, 2007) . In this study, we describe the skin structure of I. edentulus, using light and scanning electron microscopy and compare it to adaptations in fishes exploiting a similar niche. (Figure 1 ) were collected from the rocky shores of the Gulf of Oman in Muscat, Oman and transported to the laboratory alive where they were kept in a saltwater aquarium. The fish were killed by freezing and then cut into three portions; front, middle and back. Each portion was then further divided into dorsal and ventral halves. Representative subsamples were fixed in 40% buffered formalin and processed for light microscopy. Other subsamples measuring 4 mm 2 were fixed in 3% glutaraldehyde (two days) followed by a two-hour immersion in phosphate buffer (pH 7.3) and then dehydration through an ethanol series. Tissue samples were then dried in a critical point drier (Samdri-PVT -3B) and coated with gold using a JEOL JFC-1100 E ion sputter. The samples were examined with a JEOL JMS-840A Scanning Electron Microscope.
Materials and methods

Specimens of Istiblennius edentulus
Using SEM micrographs exposed at a magnification of x2000, the number of pores on the surface of the epithelial cells per unit area, other than openings of mucous cells, was counted. The thickness of the skin on the dorsal and ventral sides was measured using the scale bar from the micrograph. An analysis of variance (ANOVA) was performed to detect significant differences in the number of pores on both dorsal and ventral sides and also to measure the thickness of the skin of both dorsal and ventral sides. Paired t-tests were performed to detect significant differences in the number of pores in the dorsal and ventral sides and the thickness of the skin. Data on the number of pores and the thickness of the skin were log transformed. Microsoft Excel was used for the statistical analysis.
Results
Light microscopy
The skin of I. edentulus does not possess scales. It displays the familiar three layers: epidermis, dermis and hypodermis (Figure 2 ). The epidermis consists of stratified squamous epithelium and contains large numbers of mucous cells which are spheroidal in shape (Figure 2 ). The dermis is made up of bundles of collagen fibers. The hypodermis lies between the dermis and the body musculature and consists of loose connective and adipose tissues (not visible in sections due to solution by xylene). Blood capillaries, together with pigment cells, are seen throughout the integument. Pigment cells are elongated and have dendritic processes that radiate from the central cell body (Figure 2) . The capillaries are more common on the dorsal side than on the ventral side of the fish. 
Scanning electron microscopy
The epidermal cells that cover the skin surface possess closely-spaced microridges displaying a fingerprint-like pattern (Figure 3) . The boundaries between the epidermal cells are clearly defined where several pores are visible at their junctions. In many cases, mucous cells can be seen in the vicinity of the pores. Other pores which extend deep into the integument were observed on the surface of epithelial cells (Figure 4) . Unlike the light microscopic preparations, SEM micrographs clearly show pigment cells with their pigment granules. Blood capillaries are also clearly visible and can be seen running close to the epidermis and penetrating down through the dermis ( Figure 5 ). 
Measurements and statistical analysis
Paired t-test showed that there is a significant difference in the number of pores in the dorsal and the ventral side of the body (t = 3.519; P = 0.012). Pores are significantly more abundant in the dorsal side (6.3 x10 3 pores/mm 2 ± 0.8 ) than in the ventral side (4.3 x10 3 pores/mm 2 ± 1.1) ( Table 1) . Table 1 . Maximum, minimum, mean and standard deviation with 95% CL of the number of pores on the surface of the skin (x1000 per mm square) in the different parts studied, where n = 5.
The average thickness of the skin on the dorsal side is 31.6 µm ±10.0 and that of the ventral side is 32.9µm ±7.8 (Table 2 ). Anova and paired t-test have shown that there are no significant differences in the thickness of both the dorsal and ventral side (F = 0.07, t = 0.335, p > 0.05) Table 2 . Maximum, minimum, mean and standard deviation with 95% CL of the thickness of the skin in the different parts studied, using SEM where n = 5.
Discussion
In amphibious fish, the integument must provide a viable interface between both air and water. While it has been indicated (Salih and Al-Jaffary, 1980 ) that the hypodermis is the principal layer of fish integument, this study has shown that the skin of the amphibious blenny, I. edentulus has a poorly developed hypodermis. In this species the epidermis is composed of stratified squamous epithelium and large numbers of mucous cells while the dermis is the dominant layer and contains bundles of layered collagen fibers. The hypodermis, which is the thinnest layer, is made up of loose connective tissues and adipose tissues.
Gas exchange in air breathing fishes generally does not occur across the gills but, across other vascularized surfaces, including the skin, buccal, branchial or opercular mucosa, stomach and intestine (Withers, 1992) . The skin is particularly important in aerial respiration (Salih and Al-Jaffery, 1980) and is adapted by an increased density of cutaneous capillaries (Mittal and Munshi, 1971 ). Using such criteria, the air breathing fishes can be classified into three groups according to the structure of the skin: those in which the blood capillaries are subepithelial in position: those in which the capillaries are more numerous in the subepithelium and may even extend into the epithelium, and those in which the capillaries are mostly epithelial in position (Yokoya and Tamura, 1992) . Mittal and Munshi (1971) suggested that the cutaneous blood capillaries are typically in the dermis and not the epidermis. The only vertebrates reported to have epidermal capillaries are some of the gobioid fishes and several semi-terrestrial amphibians (Kent, 1987) . Brown et al. (1992) showed the location of the capillaries just below the epidermis in the rock skipper Alticus kiri and suggested that they may perform an important function in gas exchange. is richly vascularized, and the blood capillaries are similarly present immediately below the epidermis and the dermis, thus also suggesting a role in gas exchange in this species. The most effective surface for gas exchange in the skin would seems to be the thinner and the more vascularized regions. Mittal and Munshi (1971) proposed that the capillaries of the skin, located within 500 µm of the surface, are competent for the exchange of gases by diffusion. The skin of I. edentulus with a thickness of 18.5 -51.5 µm is likely to permit vascular gas exchange through diffusion. Since there is no significant difference in the thickness of the skin across the body, the entire skin of the fish would facilitate gas exchange with equal efficiency. The surface view of the skin under SEM illustrated epithelial cells with invaginations and elevations that form fingerprint-like patterns. A similar pattern is seen in the skin of Coho salmon, Oncorynchus kisutch, and has been described as 'microridges' (Hawkes, 1974) . Microridges were also reported in the gill filaments of the air breathing fish, Saccobamchus fossilis (Hughes and Mittal, 1973) and the swamp mud eel, Monopterus cuchia (Munshi et al. 1989) . The probable function of microridges is to increase the surface area for gas exchange. However, Hughes and Munshi (1973) suggested that the microridges do not extend far above the general epithelial surface, and might well be more important for providing a surface of adhesion for the mucous layer.
There are two developmental pathways for the epidermis of vertebrates, one related to keratinization and the other to mucogenisis. This duality in developmental potential is open to environmental adaptation. Keratinization cell types usually occur predominantly in terrestrial animals, whereas mucous producing cells are found in amphibians and aquatic forms (Suzuki, 1992) . The presence of large number of mucous cells in the epidermis of I. edentulus is an adaptation to its rocky habitat (Mittal and Banorjee, 1975) . Since the skin is devoid of scales, unlike typical fishes, mucous cells serve to protect the skin against mechanical injury in the rock pool habitat. They also play a role in slowing desiccation by evaporation in air (Mittal and Banorjee, 1975) . Furthermore, with respect to cutaneous respiration, the maintenance of wet surfaces is essential to preserve the functional morphology of diffusion membranes (Yokoya and Tamura, 1992) . In I. edentulus mucous cells discharge their secretions onto the surface of the skin through openings located at the junctions of epithelial cells.
In addition to the openings of mucous cells, other pores were found to extend deep into the skin and may function to reduce the air-blood distance. The dorsal side of the fishes possesses larger number of pores and higher levels of vascularization than the ventral side. This suggests that higher rates of gas exchange may take place across the dorsal surface, which is consistent with it being the area most in contact with air.
Like blood capillaries, pigment cells are present just below the epidermis and the dermis. They have dendritic processes that extend from the central cell body. This organization enables changes in the colour such as are found in chromatophores. Consequently it can be deduced that pigment cells have both photoprotective and camouflage functions.
